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A B S T R A C T

Neutrophils play a critical role in immune response, using mechanisms as degranulation, phagocytosis, and the 
release of extracellular DNA together with microbicidal proteins, the so-called neutrophil extracellular traps 
(NETs), to combat pathogens. Multiple mechanisms might be involved in neutrophil’s response to stimuli, but the 
biochemical characterization of each different pathway is still lacking. In this study, we used superoxide mea
surements, live-imaging microscopy and high-resolution proteomics to provide a thorough biochemical char
acterization of the neutrophil’s response following activation by two well-known stimuli, namely phorbol-12- 
myristate-13-acetate (PMA), and ionomycin, a calcium ionophore. Our results demonstrated that although 
both stimuli induce extracellular DNA release, signals and mediators released by activated cells before this final 
event were distinct. Thus, PMA-treated neutrophils induce superoxide production, and degranulation of proteins 
from all granules, especially those derived from secretory vesicles and tertiary granules. On the other hand, 
ionomycin-treated neutrophils do not stimulate superoxide generation, but induce extensive protein citrullina
tion (also known as arginine deimination), particularly modifying proteins related to actin cytoskeleton orga
nization, nucleus stability, and the NADPH oxidase complex. Interestingly, many of the citrullinated proteins 
detected in this work were also found to act as autoantigens in autoimmune diseases such as rheumatoid arthritis. 
These striking differences show neutrophils’ response to PMA and ionomycin are two distinct biochemical 
processes that point towards neutrophils diversification and plasticity responding to the environment. It also 
provides implications for understanding neutrophil-driven microbial response and potential roles in autoimmune 
diseases.

1. Introduction

Neutrophils are highly specialized cells of the innate immune system 
that eliminate pathogens using a range of microbicidal proteins, with or 
without the assistance of reactive oxygen species (ROS) [1–3]. These 
microbicidal proteins are primarily stored in distinct compartments 
called granules within neutrophil cytosol [4], and they can be released 
either intracellularly into the phagosome compartment or extracellu
larly, through degranulation or in association with DNA, in structures 
called neutrophil extracellular traps (NETs) [5,6].

NETs were first described to be released by neutrophils upon stim
ulation with phorbol-12-myristate-13-acetate (PMA), interleukin-8 (IL- 
8), or lipopolysaccharide (LPS), in a process culminating in a type of cell 

death that was later coined “NETosis” [7]. Further research showed that 
other stimuli also induce neutrophils to release their DNA extracellu
larly. Calcium ionophores, such as ionomycin, are examples of such 
stimuli [8,9]. Despite commonly causing DNA extrusion, different 
stimuli seem to induce distinct neutrophil responses, with or without the 
activation of superoxide production by NADPH oxidase [10–12]. The 
use of phorbol-12-myristate-13-acetate (PMA) and the calcium iono
phore ionomycin as neutrophil’s activators, may possibly represent two 
distinct mechanisms of neutrophil’s activation [11]. PMA directly acti
vates protein kinase C (PKC) by mimicking the action of diacylglycerol 
(DAG), which acts by phosphorylating the NADPH oxidase subunits, 
allowing for their assembly and activation [13,14]. PMA induces 
neutrophil degranulation [15], mild intracellular Ca2+ oscillations [10], 
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and causes chromatin swelling and decondensation [16], partially via 
the degrading action of neutrophil elastase (ELANE) on histones [17,
18]. On the other hand, neutrophils treated with Ca2+ ionophores, such 
as ionomycin, have a substantial increase in their intracellular Ca2+

levels (above 1 μM) [19]. This increase elicits degranulation and 
hyperactivates the proteins arginine deiminase 2 and 4 (PAD2 and 
PAD4) [20], that catalyze the citrullination (also called deimination) of 
arginine residues. Citrullination modifies protein net charge, which in 
histones promotes chromatin decondensation [9]. However, there is still 
confounding evidence regarding the requirements of NADPH oxidase, 
and protein citrullination in neutrophil’s activation by distinct stimuli 
[11,12,21]. Moreover, some researchers do not consider the process 
induced by calcium ionophores a form of NETosis, even though it cul
minates with DNA extrusion from cells [22]. Other authors suggest 
distinct stimuli commonly lead to NETs release, although possibly 
through different signaling mechanisms [11,12,21].

The literature is also controversial when considering the patho
physiological effects driven by NETosis. NETs are accepted as players in 
host defense, capturing and eliminating pathogens [23–25]. However, 
the uncontrolled release of NETs is also considered a source of auto
antigens, and is associated to autoimmune pathologies as rheumatoid 
arthritis (RA) and systemic lupus erythematosus (SLE) [26–28].

In this work, we provided a deep biochemical characterization of 
neutrophil response to two common activators, namely PMA and ion
omycin. By using measurements of superoxide release, live-imaging 
microscopy and mass spectrometry-based proteomics, we have shown 
extracellular DNA release induced by PMA and ionomycin is preceded 
by distinct events. Activation with PMA induced superoxide production, 
and mild neutrophil’s degranulation, while the ionomycin-induced 
process is independent of reactive species, but leads to massive 
degranulation of primary and secondary granules, and widespread cit
rullination of proteins. The different mediators involved in neutrophils 
response to distinct stimuli raise the possibility that neutrophils may 
have different immune strategies depending on the received stimuli, and 
warrants future research regarding the roles of these cells in the immune 
response.

2. Materials and methods

2.1. Materials

Dextran, Hystopaque, ammonium bicarbonate, tris(hydroxymethyl) 
aminomethane hydrochloride (Tris-HCl), sodium deoxycholate (SDC), 
dimethyl sulfoxide (DMSO), ionomycin, phorbol-12-myristate-13- 
acetate (PMA), phenylmethanesulfonyl fluoride (PMSF), Amicon® 
Ultra 0.5 mL 10 kDa centrifugal filter units, Tween® 20, urea, benzo
nase® nuclease, and trifluoroacetic acid (TFA) were obtained from 
Sigma (St. Louis, MO, USA). SYTOX™ green, Hoechst 33342, and 
Pierce™ BCA protein assay kit were purchased from Invitrogen (Wal
tham, MA, USA). Dithiothreitol (DTT) and iodoacetamide (IAA) were 
purchased from Bio-Rad Laboratories (Hercules, CA, USA). Poly-D- 
Lysine, acetonitrile, and 0.1 % formic acid were obtained from Merck 
(Darmstadt, Germany). Trypsin was obtained from Promega (Madison, 
WI, USA).

2.2. Neutrophil isolation

Human neutrophils were isolated from healthy volunteers’ hepa
rinized blood using Dextran sedimentation, density centrifugation with 
Hystopaque 1.077 g/mL, and erythrocyte lysis with a hypotonic solu
tion. Neutrophils were then resuspended in either PBS with 5.5 mM 
glucose or RPMI medium without phenol red [29]. Bright-field micro
scopy with May-Grünwald-Giemsa stain was used to check for the 
presence of eosinophils, and the sample was considered appropriate if 
eosinophils were <5 % of the cells. Blood collection was authorized by 
the Research Ethics Committee of the Faculty of Pharmaceutical 

Sciences at the University of São Paulo (CAAE 60860016.5.0000.0067), 
and informed consent was obtained from all subjects. Volunteers were 
screened to ensure they had no medical history of cardiovascular dis
eases, autoimmune disorders, diabetes, or other conditions that might 
affect immune cell function. They were also instructed to avoid alcohol 
and physical activity for 18 h before sample collection. This work has 
been carried out in accordance with The Code of Ethics of the World 
Medical Association (Declaration of Helsinki).

2.3. Measurement of extracellular superoxide

Extracellular superoxide release was measured by monitoring cyto
chrome c reduction [30]. Neutrophils (1 × 106 cells) were exposed to 
DMSO 0.005 % (v/v, vehicle), PMA 20 nM or ionomycin 6.7 μM with 40 
μM cytochrome C and 5 mM taurine in PBS with 5.5 mM glucose [30]. 
Absorbances in 550 nm were obtained in 51 s intervals over a period of 
30 min at 37 ◦C, using a microplate reader (Synergy H1, Biotek). The 
rate of superoxide release was calculated from the slope obtained using 
the linear part of the curves.

2.4. Live-imaging microscopy

Neutrophils (1.5 × 105 cells) were seeded onto a 24-well plate coated 
with 0.001 % poly-D-lysine and allowed to settle for 20 min at 37 ◦C in 
RPMI 1640 medium without phenol red, supplemented with 1 % anti
biotic and 2 μM Hoechst 33342. Neutrophils were then treated with 
0.005 % DMSO (vehicle), 20 nM PMA, or 6.7 μM ionomycin, followed by 
addition of 500 nM SYTOX green. During the imaging process, fluores
cence signals from Hoechst 33342 and SYTOX Green were monitored in 
a single field of view, representing an average of 200–350 cells per well 
for each replicate. Images were captured every 2 min over a 120-min 
course at 37 ◦C with 5 % CO2, using a 20x/0.4 objective on a Leica 
DMi8 widefield microscope and the LASX Application Software (Leica 
Microsystems). Each experiment was conducted in triplicate for every 
condition and donor, with three biological replicates collected from 
three independent donors.

2.5. NETs quantification

The method of quantification used in this work has been described in 
detail [31], and was based on previous methods [32]. Briefly, images 
obtained from live-imaging microscopy of neutrophils in the presence of 
Hoechst 33342 and SYTOX Green (respectively, a permeant and an 
impermeant dye to the cell membranes) were processed using ImageJ 
software (version 1.52p). This involved adjusting the local threshold of 
the 8-bit images generated by the Phansalkar or Bernsen functions and 
using the watershed function to separate cells. The cells were then 
counted and categorized based on their size in μm2 and loss of plasma 
membrane integrity (SYTOX green positive cells). To determine the 
percentage of NETs, we calculated the ratio of cells with NETs (SYTOX 
green plus Hoechst 33342 positive cells) to the total number of cells (the 
sum of SYTOX green plus Hoechst 33342 positive cells, and Hoechst 
33342-only positive cells), and then multiplied by 100. Cells had to be 
larger than 26 μm2 to be counted (this procedure excludes any possible 
debris).

2.6. Secretome collection and cell lysis

Neutrophils (2 × 106 cells/mL) in RPMI 1640 medium without 
phenol red and supplemented with 1 % of antibiotic were allowed to 
settle for 30 min at 37 ◦C in 0.001 % poly-D-lysine coated 12-well plates. 
Next, cells were exposed to 0.005 % v/v DMSO (vehicle), 20 nM PMA, or 
6.7 μM ionomycin for 30 or 90 min at 37 ◦C with 5 % CO2. Then, the 
supernatant was collected and kept on ice. Cells were separated from the 
secretome through a 10-min centrifugation at 400×g and 4 ◦C. The cell 
pellet was washed three times with PBS followed by resuspension in 
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ammonium bicarbonate containing 0.1 % SDC for cell lysis. Afterwards, 
100 nM PMSF was added to secretome and lysate samples. The proteins 
were concentrated by two cycles of centrifugation at 14,000×g for 15 
min at 4 ◦C, using previously passivated 10 kDa centrifugal filter units 
[33]. Finally, proteins obtained from secretome and lysate samples were 
incubated twice with 12.5 U of benzonase for 45 min at 37 ◦C and 300 
rpm.

2.7. Filter-aided sample preparation (FASP) for mass spectrometry

The concentration of proteins in the secretome and lysate samples 
was measured by the bicinchoninic acid assay (BCA). The amount of 
secreted proteins vary according to the stimulus, and for the secretome, 
the total protein quantification is shown in the supplemental methods 
data 1.

Then, 10 μg of secretome or lysate proteins were added to previously 
passivated 10 kDa centrifugal filter units [33,34], followed by three 
cycles of centrifugation at 14,000×g for 20 min with 500 μL 8 M Urea in 
25 mM (NH4)HCO3. Proteins were reduced with 450 μL of 10 mM DTT in 
25 mM (NH4)HCO3 for 30 min at 30 ◦C and 600 rpm, followed by 
centrifugation at 14,000×g for 20 min. Subsequent alkylation with 450 
μL of 20 mM IAA in 25 mM (NH4)HCO3 for 45 min at 600 rpm and 25 ◦C 
in the dark was undertaken, followed by centrifugation at 14,000×g for 
20 min. Next, residual DTT and IAA were removed by 4 cycles of 450 μL 
25 mM (NH4)HCO3 addition followed by centrifugation at 14,000×g for 
20 min (except for the last centrifugation, which took 2 min). Proteins 
were digested on-filter overnight at 37 ◦C and 100 rpm with trypsin 
(1:25 w/w) [34]. Peptides were eluted into a clean microtube after 
centrifugation at 14,000×g and 20 ◦C for 25 min, followed by two cycles 
of 150 μL 5 mM (NH4)HCO3 addition and centrifugation at 14,000×g for 
20 min [34,35]. Finally, the samples were lyophilized at 25 ◦C, and 
stored at − 80 ◦C until injection into the mass spectrometer. Before in
jection, each sample was resuspended in 100 μL of 0.1 % formic acid.

2.8. LC-MS/MS measurements

The peptides were analyzed using a Nano EASY-nLC 1200 coupled to 
an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). Each sample was injected into a trap column (nano 
Viper C18, 3 μm, 75 μm × 2 cm, Thermo Scientific) with 20 μL of solvent 
A (0.1 % formic acid in water) at a pressure of 500 bar. The peptides 
were then eluted onto a C18 analytical column (nano Viper C18, 2 μm, 
75 μm × 15 cm, Thermo Scientific) at a flow rate of 300 nL/min. A linear 
gradient of solvent A (0.1 % formic acid in water) and solvent B (0.1 % 
formic acid in 80 % acetonitrile in water, v/v) was used to elute the 
peptides from the column. The gradient began with 5 % solvent B and 
increased to 28 % over 80 min, followed by an increase to 40 % B for 10 
min. The column was then washed by increasing the solvent B per
centage to 95 % in 2 min, and maintaining this percentage for 12 min. To 
prepare for the next injection, the system was re-equilibrated with 100 
% solvent A.

After elution, the peptides were ionized using a nanospray Flex NG 
ion source (Thermo Scientific, Bremen, Germany) operating in positive 
electrospray mode with capillary temperature at 300 ◦C, and S-Lens RF 
level at 30 %. Ions were analyzed in a data-dependent acquisition (DDA) 
mode, in which the most intense ions are selected for fragmentation and 
detection. A MS1 scan was followed by data-dependent MS2 scans in a 3 
s cycle time. Both MS1 and MS2 scans were performed in the Orbitrap 
analyzer. Precursor ions were fragmented by HCD with a normalized 
collision energy of 30, and were excluded for subsequent MS2 scans for 
40 s. Monocharged ions or ions with undetermined charges were not 
fragmented to minimize interference. The resolution for the full scan 
mode was set as 120,000 (at m/z 200) and the automatic gain control 
(AGC) target at 5 × 105. The m/z range 350–1550 was monitored. Each 
full scan was followed by a data-dependent MS2 acquisition with a 
resolution of 30,000 (at m/z 200), a maximum fill time of 54 ms, and an 

isolation window of 1.2 m/z. For accurate mass measurements, the lock 
mass option was enabled in the MS scan using the poly
dimethylcyclosiloxane ion (m/z = 445.12003).

2.9. Study design, data analysis, and statistical testing

For live imaging microscopy experiments, after quantifying NETs, a 
2-way analysis of variance (ANOVA) was conducted, followed by a 
Bonferroni post hoc test to compare each group against the control at the 
different time points using GraphPad Prism software.

The proteomic analyses were conducted using neutrophils from three 
different donors. Altogether, we used seven replicates per treatment 
(control (DMSO), PMA, and ionomycin), and all of them were run into 
MaxQuant software [36] simultaneously. The raw files of all proteomic 
experiments were processed using MaxQuant software [43], with pro
teins identified through the Andromeda algorithm [37] against the 
Homo sapiens Uniprot database (downloaded March 2022; 20,401 en
tries). The precursor and fragment error mass tolerances were set at 4.5 
ppm and 20 ppm, respectively, with cysteine carbamidomethylation as 
fixed modification. The variable modifications included methionine 
oxidation, N-terminal acetylation, and deamination of arginine residues 
(citrullination, set as an increase of +0.98401 Da with a neutral loss of 
43.0058 Da (HCNO) in arginine residues [38]). Because neutrophils 
release many proteases, the identification process was conducted with a 
semi-tryptic digestion mode, allowing a maximum of 2 missed cleav
ages, and a maximum FDR of 1 % for both peptides and proteins iden
tification. Semi-specific search provides a higher number of identified 
proteins when compared with specific digestion, but this did not impact 
the downstream analyses, as the overall results remained consistent. For 
proteins, the false discovery rate (FDR) was calculated using a decoy 
database. For a protein to be considered present in a sample, at least two 
peptides (one of which must be unique) needed to be detected. The 
match between runs option was enabled, and all other parameters were 
maintained at their default settings. Protein abundance was calculated 
using the LFQ algorithm [39] present in MaxQuant software.

We used Perseus software (version 1.6.15.0) to analyze the protein 
data [40], and the resulting figures were generated using either 
GraphPad Prism (version 9.05), Perseus, or R (version 4.2.0). Volcano 
plots were made with the web app VolcaNoseR (https://huygens.science 
.uva.nl/VolcaNoseR/) [41]. Before statistical analysis, label-free quan
tification (LFQ) intensities were processed in Perseus software [40]. The 
proteins identified only by modified sites, matching the reverse and 
potential contaminants databases were removed via filtering. The 
remaining data were log2-transformed. Missing values were filtered 
using the criteria of at least 6 valid values in each group. A protein was 
considered unique (exclusive) to a group if it had at least 3 out of 7 valid 
values in that group and 0 or 1 valid values in the other groups. For PCA 
analysis, the remaining missing values after filtration were imputed with 
values from the normal distribution (width: 0.3 and downshift 1.8). PCA 
calculations and graphics were performed on R (version 4.2.0). To 
compare statistically significant proteins secreted under neutrophil’s 
distinct treatments, log2-transformed LFQ protein intensities were 
analyzed using ANOVA with p-values adjusted based on a 
permutation-based false discovery rate (FDR) of 0.05. Significantly 
altered proteins were subsequently z-score normalized and clustered to 
identify patterns. Perseus software was used for hierarchical clustering 
of significantly altered proteins, and this clusterization was performed 
without imputation, and displayed as a heatmap. The Euclidean distance 
was used, and the average linkage method was employed to construct 
the rows and columns trees. For pairwise comparisons, log2-transformed 
LFQ protein intensities from the two treatment groups were analyzed 
using an unpaired t-test. The results were adjusted for multiple com
parisons using permutation-based FDR <0.05, and the data are pre
sented in volcano plots as log2 fold-change plotted against the -log10 of 
the p-value.

For analysis of citrullinated proteins, the peptides with a 
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citrullinated arginine in the C-terminal were considered a false-positive 
and manually excluded from data [31,38]. Citrullination sites at pep
tides from potential contaminants were also excluded from the analysis. 
In addition, peptides with citrullinated arginine only in one of three 
individuals were also removed. Common citrullinated proteins from 
secretome or lysate samples had to have at least 3 valid values in each 
treatment group (total samples from control, ionomycin, and PMA). 
Exclusive citrullinated proteins had to have at least 3 valid values in a 
treatment group and 0 or 1 in the other groups.

To investigate the subcellular locations, protein localization infor
mation was retrieved from UniProt annotations and the cellular com
ponents of Gene Ontology. According to the databases, the proteins were 
classified in: Cytoplasm, cytoskeleton, cytoplasmatic granule, mem
brane, endoplasmatic reticulum, mitochondria, nucleus, secreted or 
Golgi apparatus. To investigate enriched pathways we employed the g: 
Profiler web platform [42]. We set gene ontology biological processes 
and cellular components as data sources and selected the highlight 
driver terms in gene ontology. The significance threshold g:SCS was set 
as 0.05. Protein symbols were derived from gene symbols as per the 
recommendations of the Human Genome Organization Gene Nomen
clature Committee [43], and were written in all capital letters and not 
italicized.

2.10. Data availability

The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE [44] partner repository 
with the dataset identifier PXD057968.

3. Results

3.1. Only PMA activates NADPH oxidase although both stimuli are able 
to induce extracellular DNA release

Control neutrophils, or those challenged with 6.7 μM ionomycin or 
20 nM PMA were first compared regarding their ability to generate 
extracellular superoxide. The production of extracellular superoxide was 
assessed using the cytochrome c reduction assay. Neutrophils treated 
with ionomycin or unstimulated (control) do not generate appreciable 
amounts of superoxide (Fig. 1A). In contrast, neutrophils treated with 
PMA released superoxide at a rate of 4.9 ± 1.3 μM/min. Consistent with 
previous reports [12,45], our findings show that PMA is a strong acti
vator of NADPH oxidase. In the conditions of our experiment, ionomycin 
treatment did not induce NADPH oxidase activation.

Given the striking differences regarding NADPH oxidase activation 
(measured as superoxide production) upon different stimuli, we next 
sought to study the ability of each stimulus to induce NETs release. With 
that in mind, neutrophils treated with 0.005 % (v/v) DMSO (Control), 
6.7 μM ionomycin, or 20 nM PMA in the presence of Hoechst 33342 and 
SYTOX Green were monitored with live-imaging microscopy for 120 
min (Fig. 1B). This experimental design allowed us to observe the release 
of NETs, as indicated by the uptake of the impermeant SYTOX Green 
dye, while also visualizing the morphology of the cells using the per
meant Hoechst 33342 dye. Thus, our results demonstrate that both PMA 
and ionomycin are capable of inducing NETosis, albeit with different 
kinetics (Fig. 1B and C). Notably, approximately 30 % of the neutrophils 
treated with ionomycin already underwent NETosis at 60 min (Fig. 1B 
and C), and at the time point of 90 min (Fig. 1B), all ionomycin-treated 

Fig. 1. The generation of superoxide and NETs release kinetics are stimulus-dependent. Neutrophils were treated with 0.005 % (v/v) DMSO (control), 20 nM 
PMA or 6.7 μM ionomycin. (A) The superoxide production was measured through the reduction of 40 μM cytochrome C at 37 ◦C in the presence of 5 mM taurine. 
Superoxide concentration was calculated by dividing the absorbance at 550 nm by the molar absorptivity of 21,000 M− 1 cm− 1, and considering the path length of 1 
cm. Absorbance measurements were taken at intervals of 51 s. To analyze the formation of NETs, the neutrophils were stained with 2 μM Hoechst 33342 (blue, cell 
permeant dye) and 500 nM Sytox Green (green, cell impermeant dye), and monitored for 120 min at 37 ◦C and 5 % CO2 in the microscope. Images are representative 
of three independent experiments with neutrophils isolated from different volunteers. (B) Microscope images of untreated and treated neutrophils at different time 
points. Scale bars represent 50 μm. (C) The percentage of neutrophils that released NETs, defined as Hoechst 33342 and SYTOX Green (+) cells was calculated over 
time with respect to all neutrophils (all cells >26 μm2 that were either Hoechst 33342 (+) only, or Hoechst 33342 (+) and SYTOX Green (+)).
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cells exhibited either a decondensed nucleus (loss of the polymorphic 
shape) or the presence of NETs. In contrast, after 90 min of treatment 
with PMA, only a few neutrophils exhibited NETs, while some still dis
played the characteristic polymorphic nucleus (Fig. 1B and C). At the 
time point of 120-min, approximately 40 % of PMA-treated neutrophils 
displayed NETs, contrasting with approximately 65 % of ionomycin- 
treated neutrophils (Fig. 1C). These findings demonstrate that PMA 
and ionomycin are potent inducers of extracellular DNA release, with 
ionomycin-treated neutrophils inducing a faster release of NETs.

3.2. The neutrophil’s response after activation is stimulus-dependent

The results obtained so far pointed to a dissimilar response of neu
trophils to distinct stimuli. We then used a proteomic approach to 
investigate the proteins secreted by controls, or by neutrophils treated 
with 6.7 μM ionomycin, or 20 nM PMA for 30 and 90 min. The total 
protein quantification is shown in the supplemental methods data 1.

Initially, a dimensionality reduction analysis revealed three main 
clusters in our dataset (Fig. 2A). The first cluster was composed of the 
neutrophils stimulated for 30 and 90 min with PMA, the second cluster 
was composed of controls for both time points, and the third contained 
samples obtained after treatment with ionomycin for 30 and 90 min 
(Fig. 2A). The first two components explained approximately 55 % of the 
variance of the whole dataset. This first exploratory analysis already 
revealed that secretion of intracellular proteins is stimulus-dependent 
and do not vary considerably in composition with time, since for each 

different stimulus, 30 and 90 min-time points are in relatively close 
proximity in the principal component analysis (Fig. 2A).

The unsupervised hierarchical clustering of the significantly altered 
proteins (P < 0.05 after ANOVA adjusted for multiple comparisons, 
FDR<0.05) confirmed the separation of samples into three major 
treatment clusters (Fig. 2B, columns). The first cluster represents the 
secretome of neutrophils treated with PMA (for either 30 or 90 min, blue 
boxes), the second cluster comprises the ionomycin-stimulated neutro
phil’s secretome (red boxes), and the last cluster displays samples from 
the control group (green boxes) (Fig. 2B). Importantly, these results 
show that response to different stimuli is common for all 3 volunteers, 
since samples clustered by treatment (control, PMA, or ionomycin), but 
not by donor. Also, clusterization by treatment and not by time re
inforces that for each stimulus, a similar set of proteins are secreted over 
time. The protein abundances across treatments (rows) were partitioned 
into four major clusters: proteins enriched in the control and ionomycin 
groups (cluster 1), those enriched mainly in the ionomycin group 
(cluster 2), those enriched in the control group (cluster 3), and those 
enriched in the PMA group (cluster 4) (Fig. 2B and Supplemental 
Table 1A). We also categorized the number of unique and shared pro
teins among treatments using a Venn diagram (Fig. 2C), which revealed 
that the majority of the secreted proteins (n = 320) are shared among 
them.

Aiming to understand the secretion pattern present upon activation 
of neutrophils with distinct stimuli, subcellular location analysis was 
conducted by combining the proteins obtained from each cluster in 

Fig. 2. Neutrophils treated with PMA or ionomycin secreted proteins involved in cell homeostasis and immune response. The secretome of neutrophils 
treated with 0.005 % v/v DMSO (Control), 20 nM PMA, or 6.7 μM ionomycin for 30 and 90 min at 37 ◦C was collected, processed and analyzed by mass spectrometry. 
A) Principal component analysis (PCA) of the secretome of neutrophils exposed to different stimuli for 30 or 90 min. B) Hierarchical clustering of significantly altered 
proteins (ANOVA corrected for multiple comparisons using FDR<0.05). C) Venn diagram of proteins identified in each group. Subcellular location analysis of the 
unique and enriched proteins found in D) control and ionomycin groups, E) ionomycin group, F) control group, and G) PMA group. Secretome proteins were obtained 
from neutrophils in three independent experiments.
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Fig. 2B (and Supplemental Table 1A) with the unique proteins of the 
same group identified in the Venn diagram in Fig. 2C (and Supplemental 
Table 1A).

For example, in the heatmap (Fig. 2B), proteins from cluster 1 
(proteins enriched in ionomycin and control treatments) were combined 
with proteins exclusively found in control and ionomycin samples from 
the Venn diagram (n = 81, Fig. 2C), and subcellular location (Fig. 2D 
and Supplemental Table 1B) and cellular component (Supplemental 
Table 1B) analyses were performed. The results show that ionomycin- 
stimulated neutrophils and controls commonly secrete proteins linked 
to actin filament organization, cell motility, and adhesion 
(Supplemental Table 1B). This is expected, since isolated neutrophils, 
despite being circulating cells in the organism, adhere to the cell culture 
plates during the experiment. Subgroup analysis comparing the secre
tome of control and ionomycin-treated neutrophils showed the majority 
of proteins secreted by control neutrophils (75 %) are actually for 
secretion, or belong to the cytoplasm (including extracellular exosomes 
and proteins present in extracellular regions), membrane, and cyto
skeleton (Supplemental Fig. 1 and Supplemental Table 1C). On the other 
hand, the majority of proteins enriched in the secretome of ionomycin- 
treated cells (36.5 %) originated from cytoplasmic granules. Examples of 
such proteins are MPO, bactericidal permeability-increasing protein 
(BPI), proteinase 3 (PRTN3), and lysozyme C (LYZ) (Supplemental Fig. 1
and Supplemental Table 1C). These results agree with a recent study that 
showed neutrophils secreted proteins from primary and secondary 
granules as early as 2 min after ionomycin treatment [31].

The joint analysis of proteins from cluster 2 in the heatmap (Fig. 2B 
and Supplemental Table 1A), and proteins secreted only by ionomycin- 
activated neutrophils from the Venn diagram (n = 19, Fig. 2C and 
Supplemental Table 1A), shows that the secretome of ionomycin- 
activated neutrophils follows the same pattern obtained in the sub
group analysis comparing ionomycin-treated and control samples. Thus, 
secretome of ionomycin-activated neutrophils is enriched in proteins 
originating from cytoplasmic granules (48.9 %), including many pro
teins belonging to the azurophil granule as beta-hexosaminidase subunit 
alpha (HEXA), beta-hexosaminidase subunit beta (HEXB) and LYZ 
(Fig. 2E and Supplemental Table 1D).

Data from cluster 3 in the heatmap (Fig. 2B–Supplemental Table 1A), 
representing proteins secreted in higher abundance on the control 
group, were combined with proteins exclusively secreted by the control 
cells from the Venn diagram (n = 142, Fig. 2C–Supplemental Table 1A). 
The proteins in this cluster (Fig. 2F and Supplemental Table 1E) are from 
actin cytoskeleton, adherent junctions, collagen-containing extracel
lular matrix, such as alpha cardiac muscle actin 1 (ACTC1), actin alpha 1 
(ACTA1), actin alpha 2 (ACTA2), actin beta (ACTB), vimentin (VIM), 
cofilin-1 (CFL1, an actin binder), and annexins (i.e. ANXA5, ANXA6) as 
previously reported [31]. Secretion of proteins associated to cytoskel
eton and adherence by control neutrophils likely reflects their adhesion 
to poli-D-lysine plates before treatment. In stimulated cells, these pro
teins may be less detectable due to the proteins secreted in response to 
the activation processes.

The enrichment analysis obtained by combining proteins of cluster 4 
in the heatmap (Fig. 2B and Supplemental Table 1A) with proteins 
secreted by PMA-treated neutrophils from the Venn diagram (n = 16, 
Fig. 2C and Supplemental Table 1A) showed the majority of proteins in 
PMA-treated neutrophil’s secretome are designated for secretion (40 %) 
or belong to membrane or cell surface (38.6 %) (Fig. 2G). Importantly, 
many proteins annotated by the GO as membrane proteins are also from 
neutrophil granules (they are highlighted in yellow in Supplemental 
Table 1F). A closer look reveals such proteins are primarily involved in 
the immune response. Examples of these proteins include integrin beta-2 
(ITGB2) that has been related to positive regulation of superoxide pro
duction, and only observed in the PMA-activated neutrophils [46] and 
the proteases MMP8 and MMP9 (Fig. 2G and Supplemental Table 1F).

3.3. PMA- and ionomycin-activated neutrophils exhibit distinct patterns 
of degranulation

Our global analysis of the secretome of stimulated neutrophils 
showed that they release proteins according to the stimulus. Intrigu
ingly, our results also showed ionomycin-stimulated cells release NETs 
much faster than PMA-activated neutrophils (Fig. 1B and C). A key 
question that remained to be answered is if PMA-activated neutrophils 
are slower in the process of NETosis, but still release the same signals as 
ionomycin-treated neutrophils, or if the entire process unraveled by 
activation is different. To gain insights into this matter, we performed a 
subgroup analysis comparing the secretome of ionomycin-activated 
neutrophils after 30 min with that obtained after 90 min of PMA acti
vation, i.e., time-points before NETs release by these stimuli. We chose 
this subgroup comparison for two reasons. First, the lobular nuclear 
shape of PMA-treated neutrophils has not changed even after 60 min of 
incubation, and after 90 min, NETosis has occurred only in approxi
mately 20 % of cells, while approximately 40 % of ionomycin-treated 
neutrophils already underwent NETosis at this time point. This is 
important to avoid confounding factors such as significant cell death and 
the associated release of intracellular contents. Second, we performed a 
cellular component comparison between proteins secreted by 
ionomycin-stimulated neutrophils after 30 and 90 min of incubation 
(Supplemental Fig. 2A). The results show an increase in intracellular 
proteins with increasing incubation time, suggesting that a higher 
number of cells have lost membrane integrity releasing intracellular 
components. This result corroborates the one obtained in Fig. 1. On the 
other hand, the composition of secreted proteins after 30 or 90 min of 
PMA activation does not change considerably, reinforcing the results 
obtained with microscopy that show majority of cells remains intact 
after 90 min (Supplemental Fig. 2B).

Thus, 692 secreted proteins were identified comparing the secretome 
of ionomycin-activated neutrophils after 30 min with that obtained after 
90 min of PMA activation (Fig. 3A and Supplemental Table 2A). From 
this total, 445 proteins (64.3 %) were common between the groups, 141 
proteins (20.4 %) were exclusive to the ionomycin group, and 106 
proteins (15.3 %) were exclusive to the PMA group. We then tested 
whether or not the abundance of the common proteins secreted after 30 
min of ionomycin treatment was the same when comparing with pro
teins secreted after 90 min of PMA stimulus (Fig. 3B and Supplemental 
Table 2B). All proteins with a fold-change greater than 2 (Log2 >1) and 
significantly altered (P < 0.05) after a multiple comparison adjusted t- 
test, were color-coded either red (ionomycin group) or blue (PMA 
group). The ionomycin-treated neutrophils exhibited a 4-fold enrich
ment in BPI, and a 2.5-fold enrichment in MPO, proteins present in the 
neutrophil’s azurophilic granule (Fig. 3B and Supplemental Table 2B). 
In addition, the neutrophils treated with ionomycin showed enrichment 
of azurophilic proteins HEXA, HEXB, and Mannosidase Alpha Class 2B 
Member 1 (MAN2B1) [47,48]. They also show a 3.2-fold increase in the 
calprotectin subunit protein S100-A8 (S100A8) and a 2.7-fold increase 
in protein S100-A9 (S100A9), which extracellularly also have antimi
crobial activity (Fig. 3B and Supplemental Table 2B).

Conversely, following a 90-min treatment with PMA, the neutro
phils’ secretome exhibited significant enrichment in proteins from ter
tiary and ficolin granules, beside secretory vesicle components, such as 
ITGAM (3.3-fold increase), ITGB2 (3.6-fold increase), glutaminyl- 
peptide cyclotransferase (QPCT, 3.2-fold increase), ficolin-1 (FCN1, 
3.3-fold increase), and CD177 antigen (CD177, 1.3-fold increase) 
(Fig. 3B and Supplemental Table 2B). Notably, ITGAM, ITGB2, and 
CD177 also positively regulate superoxide generation by NADPH oxi
dase [46,49]. The PMA-treated cells’ secretome also showed an increase 
in MMP8 (1.3-fold increase) and MMP9 (1.5-fold increase), extracellular 
matrix proteases that degrade collagenase and gelatinase [50], facili
tating neutrophil extravasation (Fig. 3B and Supplemental Table 2B).

To gain a better understanding of the cellular process and molecular 
function of the proteins being secreted by each stimulus, we combined 
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the enriched (Fig. 3B and Supplemental Table 2B) and unique proteins 
(Fig. 3A and Supplemental Table 2A) of each group and performed a 
cellular component analysis (Fig. 3C and D, and Supplemental Tables 2C 
and 2D). The results show the secretome of neutrophils after 30 min 
exposure to ionomycin is enriched with proteins from the azurophil 
granule, and from the specific and secretory granules. On the other 
hand, after 90 min, the secretome of PMA-treated neutrophils is 
enriched with proteins from the extracellular exosome, secretory, and 
ficolin-1-rich granules. Of note, proteins such as catalase, superoxide 
dismutase, S100 subunits, and peroxiredoxins, generally considered to 
be cytoplasmic or localized to other compartments in resting cells, were 
cataloged in exosomal fractions in situations involving cellular stress, 
activation, or oxidative signaling. This underscores a key limitation of 
functional annotations based on global databases such as gene ontology, 
which may include broad or nonspecific classifications that do not that 
accurately reflect neutrophil biology. Specific and tertiary granules 
share many protein with secretory vesicles, but have different pathogen- 
recognition receptors and additional adhesion molecules [47,51,52]. 
Furthermore, they contain proteins that make the surrounding tissue 
inhospitable for pathogens, such as gelatinase and collagenase, and a 
few microbicidal proteins [47].

In summary, both treatment groups secrete proteins derived from the 
extracellular exosome and proteins from the secretory vesicles. How
ever, ionomycin-treated neutrophils released more proteins from the 
azurophil and specific granules, and proteins associated with actin 
cytoskeleton. Of note, proteins enriched in PMA-activated neutrophils 
are related to neutrophil extravasation and superoxide production. The 
observed differences in degranulation between the treatment groups are 
additional evidence that the processes triggered by PMA or ionomycin 
are distinct.

3.4. Ionomycin induces extensive citrullination of cellular proteins

Neutrophil activation by ionomycin leads to an increase in the levels 

of Ca2+ in the cells [29], associated with the activation of the PAD4 
enzyme, capable of converting arginine residues into citrulline (cit
rullination) [20]. The presence of citrullinated proteins is a character
istic of PAD4 activation, and protein hypercitrullination was associated 
with NETs formation independent of NADPH oxidase activation [9]. 
Thus, we analyzed the secretome and the lysate of the neutrophils to 
investigate the presence of protein citrullination within different treat
ment groups.

We detected 28 citrullinated proteins in the secretome of neutro
phils, most of them from the cells treated with ionomycin. Twelve 
proteins were exclusively citrullinated in this group, representing almost 
43 % of the secreted citrullinated proteins (Fig. 4A, Supplemental 
Table 3A). Neutrophils treated with PMA or control shared 4 citrulli
nated proteins and the control group had 2 exclusively citrullinated 
proteins (Fig. 4A–Supplemental Table 3A). The higher number of cit
rullinated proteins in the secretome of neutrophils activated by ion
omycin can be related to higher activation of the PAD4 enzyme [19].

We also analyzed the presence of citrullinated proteins in the lysate 
of the neutrophils. Similar to the secretome, the neutrophils activated by 
ionomycin showed enhanced citrullination. In total, we observed 135 
proteins citrullinated in the lysate of neutrophils (Fig. 4B and Supple
mental Table 3B). The majority of the proteins were exclusive to the 
ionomycin group with 126 proteins, only one protein was exclusively 
citrullinated in the PMA group while another was shared with the 
control group. Of interest, levels of PAD4 (measured by proteomics) 
were unaltered across treatments (data not shown).

To track cellular components (Fig. 4C and Supplemental Table 3C) 
and biological processes (Fig. 4D and Supplemental Table 3D) of cit
rullinated proteins in ionomycin-treated neutrophils, we performed a 
pathway enrichment analysis combining citrullinated proteins from the 
ionomycin group in the secretome and lysate samples. In agreement 
with what was previously described [31,38], we observed citrullination 
of proteins related to cytoskeleton organization (Fig. 4C and D), such as 
vasodilator-stimulated phosphoprotein (VASP), coronin-1A (CORO1A), 

Fig. 3. Different patterns of degranulation are seen in ionomycin- and PMA-treated neutrophils. The secretome of human neutrophils treated with 6.7 μM 
ionomycin for 30 min or 20 nM PMA for 90 min at 37 ◦C was analyzed by mass spectrometry. A) Venn diagram of proteins commonly or exclusively identified in the 
secretome of neutrophils treated with ionomycin for 30 min or PMA for 90 min. B) Differentially regulated proteins obtained comparing ionomycin- and PMA-treated 
neutrophils at 30 and 90 min, respectively. The log2 fold change between the ionomycin and PMA treatment groups is plotted against the -log10 of the P value 
obtained from the t-test, which was followed by multiple comparisons adjustment. Proteins more abundant in the secretome of ionomycin-treated neutrophils are 
displayed to the left of the value − 1 in the x-axis (dashed line), while proteins more abundant in the PMA group are displayed to the right of the 1 value. Cellular 
component analysis of the unique and enriched proteins found in the secretome of C) ionomycin or D) PMA stimulated neutrophils. Only cellular components with 
FDR <0.05 were displayed. Annotations were derived from GO terms, which may include broad or nonspecific classifications in the context of neutrophil biology. 
Secretome proteins were obtained from neutrophils in three independent experiments.
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VIM, delta (14)-sterol reductase (LBR) and lamin B1 (LMNB) 
(Supplemental Tables 3C and 3D) [31,53]. The last three proteins are 
also related to the structure and stability of the neutrophil nucleus 
[54–57] and were suggested as part of the NETs formation in neutrophils 
activated by ionomycin (Supplemental Table 3B) [31,53].

Interestingly, three of the citrullinated proteins enriched in the 
process related to response to external stimulus, and the cellular 
component “NADPH oxidase complex” were the proteins neutrophil 
cytosolic factor 1 (NCF1), neutrophil cytosolic factor 2 (NCF2), and 
cytochrome b-245 light chain (CYBA) (Fig. 4C and D, Supplemental 
Tables 3C and 3D). The proteins NCF1 and NCF2 are the cytosolic 
components of the enzyme NADPH oxidase, and CYBA is one of the 
membrane components of the enzyme [58]. Of note, a previous report 
showed that citrullination of components of NADPH oxidase complex 
prevented both its activation and superoxide production [59].

Protein citrullination has been associated with several autoimmune 
diseases as rheumatoid arthritis (RA) and multiple sclerosis [60]. In RA, 
the citrullinated proteins can act as autoantigens and anticitrullinated 
protein antibodies (ACPA) specifically target these modified proteins 
[61]. Notably, citrullinated forms of proteins like α-enolase, VIM, and 
fibrin have been identified as key targets for ACPAs, but many other 
citrullinated proteins have been identified in synovial fluid and tissue of 
RA patients [62]. In our study, we detected numerous citrullinated 
proteins, several of which have been previously identified in samples of 
patients with RA. We observed the same citrullination sites in VIM and 
also in ACTB, ALDOA, CORO1A, heat Shock Protein 90 Alpha Family 
Class A Member 1 (HSP90AA1), myosin 9 (MYH9), MNDA, and TLN1 
[61,63,64].

In summary, the neutrophils treated with ionomycin had more cit
rullinated proteins in their secretome and lysate. As previously 
observed, the proteins citrullinated in the ionomycin-treated cells were 
related to cytoskeleton organization and nucleus stability. Also, some of 
the citrulinated proteins in the ionomycin group are part of the NADPH 
complex. The modification of these proteins could be involved in the 
lack of superoxide production by neutrophils treated with ionomycin. 
Interestingly, we detected citrullinated proteins that were previously 
identified in samples of RA individuals and could act as antigens in the 
disease.

4. Discussion

For a long time, PMA and calcium ionophores have been used in vitro 
as surrogate stimuli to mimic neutrophil activation in the circulation. 
Both stimuli are reported to induce neutrophils’ DNA release [65–67]. 
However, there are conflicting results in the literature regarding the 
biochemical mechanisms that occur under each distinct neutrophil 
stimulus. While some authors postulate that DNA release can occur 
through concomitant activation of NADPH oxidase, histone citrullina
tion, and membrane rupture [68], others believe that the processes 
induced by PMA and calcium ionophores are completely distinct and the 
later stimulus do not induce NETs release [22]. Instead, these authors 
propose that ionophores induce a process called leukotoxic hyper
citrullination that is unrelated to NETs [22,62].

In this work, we provided direct evidence that PMA and ionomycin 
activation of neutrophils proceed through distinct biochemical path
ways. Our studies using live imaging microscopy, superoxide measure
ments and mass spectrometry-based proteomics showed both stimuli 
eventually lead to membrane rupture and DNA released extracellularly, 
but the process is much faster under ionomycin activation. Mechanis
tically, only PMA-treated neutrophils activate the NADPH oxidase. On 
the other hand, only ionomycin was able to induce widespread protein 
citrullination. Finally, although both stimuli lead to degranulation, 
ionomycin caused a massive release of proteins from primary and sec
ondary granules, unparalleled by PMA effects.

Consistent with earlier reports, treatment of neutrophils with PMA 
resulted in the generation of superoxide by NADPH oxidase, and the 
release of NETs after 120 min [10–12]. A similar response was described 
in neutrophils treated with pathogens, including P. aeruginosa, S. aureus, 
and E. coli [12,69]. PMA-induced NETs are diminished using neutrophils 
from individuals with chronic granulomatous disease (CGD), who 
cannot produce superoxide by NADPH oxidase, and from neutrophils 
treated with the flavoprotein inhibitor diphenyleneiodonium (DPI) [12,
69]. Reactive oxygen species are believed to be essential for NETs for
mation, participating in MPO-dependent translocation of neutrophil 
elastase from granules to the nucleus, and subsequently leading to his
tone acetylation and NETs release [18].

In contrast, neutrophils treated with ionomycin were not able to 
activate the NADPH oxidase, but they still released DNA extracellularly. 

Fig. 4. Protein citrullination in the secretome and lysate of neutrophils activated by different stimuli. Neutrophils were treated with 6.7 μM ionomycin for 30 
min and 0.005 % v/v DMSO or 20 nM PMA for 90 min at 37 ◦C. The secretome and lysate were collected, processed and analyzed by mass spectrometry. Venn 
diagram of citrullinated proteins detected in the (A) secretome or (B) lysate in the cells treated with different stimuli. Cellular components (C) and biological process 
(D) for citrullinated proteins found in the secretome and lysate of neutrophils activated by ionomycin. Annotations were derived from GO terms, which may include 
broad or nonspecific classifications in the context of neutrophil biology.
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The independence of NADPH oxidase activation for NETosis has already 
been described for calcium ionophores such as ionomycin and A23187 
[10,11,70], and a similar response was observed in neutrophils treated 
with C. albicans [71], soluble immune complexes [72], S. aureus, or 
monosodium urate crystals [32]. Much of the response observed in the 
ionomycin-treated neutrophils can be related to the increase in the 
calcium intracellular concentration. One enzyme activated in these 
conditions is PAD4, which can citrullinate arginine residues [73]. 
Importantly, the majority of studies involving NETs caused by iono
phores relate NETosis to the citrullination of a single protein, the histone 
H3 [9,11,74]. We and others have previously shown citrullination is a 
widespread cellular event, and proteins related to actin cytoskeleton and 
nucleus stability were found citrullinated upon ionomycin treatment 
[31,38]. These results were further confirmed in this work. Significantly, 
we have showed citrullination occurs almost exclusively in 
ionomycin-treated neutrophils, with controls and PMA-activated cells 
exhibiting low citrullination levels. Importantly, upon neutrophils 
activation, the cytosolic components of NADPH oxidase migrate to the 
membrane where they form a complex with the membrane components 
resulting in the active form of the enzyme [14,58]. Recently, it was 
shown that in resting neutrophils the enzymes PAD4 and the cytosolic 
components of NADPH oxidase are associated. The citrullination of 
NCF1 and NCF2 causes their dissociation from PAD4 and the NADPH 
oxidase complex is not formed [59]. Our results corroborate these ob
servations, and may provide a likely mechanism for the lack of NADPH 
oxidase activation, since neutrophils stimulated by ionomycin displayed 
citrullination of NCF1 and NCF2 components of NADPH oxidase 
(Supplemental Tables 3A and 3B), and these cells did not generate 
measurable amounts of superoxide ion (Fig. 1A). However, these ob
servations need to be confirmed in future studies. In striking contrast, 
PMA-treated cells have a sustained generation of superoxide (Fig. 1A), 
and no citrullination of NCF1 or NCF2 was detected.

Besides protein hypercitrullination, we also showed neutrophils 
activated by ionomycin release extracellularly proteins belonging to all 
their granules, likely due to the rise in the intracellular calcium levels. 
The uncontrolled release of several granule proteins seen upon ion
omycin treatment can act as autoantigens in systemic autoimmune 
diseases. The secretion of MPO, PRTN3, and cathelicidin (CAMP), either 
alone or in association with NETs, can serve as antigens in anti
neutrophil cytoplasmic antibody-associated vasculitis, and systemic 
lupus erythematosus (SLE) [27,28,75]. Moreover, citrullinated proteins 
have been shown to act as autoantigens in diseases like RA, where 
anticitrullinated protein antibodies (ACPA) have been consistently 
detected [76]. Interestingly, many of the citrullinated proteins identified 
in this work were also observed in the synovial fluid of RA patients, 
indicating that activation of neutrophils by this pathway might be a 
common mechanism implicated in autoimmune disease progression. 
Neutrophils exposed to pore-forming toxins from different bacteria ex
press the same increase in calcium levels intracellularly, followed by 
protein citrullination and DNA release [77,78]. Moreover, host perforin, 
a protein secreted by natural killer cells and cytotoxic lymphocytes [79,
80], also forms pores in the cell membrane, allowing free influx and 
efflux of ions (including calcium). Thus, it has been suggested that the 
damage caused by pore-forming microbials may stimulate chronic 
hypercitrullination in neutrophils, leading to ACPA production, and 
leading to RA development in susceptible individuals [62].

While our study provides valuable insights into neutrophil responses 
upon distinct stimuli, it also has some limitations. First, neutrophils are 
highly sensitive to ex vivo manipulation, and it is a challenge to establish 
a true control baseline that accurately reflects their in vivo unstimulated 
state. Despite our efforts to standardize experimental conditions, 
including the use of freshly isolated neutrophils, unstimulated neutro
phils may not serve as the ideal control for all aspects of the study. In 
addition, a significant challenge when studying neutrophils is their 
inherent heterogeneity [81]. There are various forms of neutrophil 
heterogeneity. Of special interest is the low-density granulocyte (LDG) 

population found in patients with SLE [82–84]. These neutrophils have 
an activated phenotype secreting inflammatory cytokines and releasing 
more NETs, but show impaired phagocytic potential. While our study 
did not directly examine heterogeneity within neutrophil population, 
the functional differences we observed in response to PMA and ion
omycin treatments may reflect the contributions of distinct sub
populations within the broader neutrophil pool. It is important to note 
that our proteomics data represent the average protein abundance 
across the entire neutrophil population. As such, the underlying con
tributions of individual neutrophil subsets to the overall response to a 
stimulus remains unresolved.

In conclusion, this work provided strong evidence that although 
similar morphologically, as seen by the common extrusion of cellular 
DNA, activation of neutrophils by PMA and ionomycin are two 
biochemical distinct processes that might exemplify distinct responses to 
the environment. Thus, PMA-activated neutrophils respond with the 
classical oxidative burst, and secreting proteins from all neutrophil 
granules, likely to kill the invading pathogen. On the other hand, ion
omycin stimulation of neutrophils resembles pore-forming toxins 
released by microbials. In ionomycin-driven type of response, neutro
phils quickly release their DNA extracellularly, and this event is pre
ceded by the uncontrolled secretion of proteins from azurophilic and 
specific granules, and extensive protein citrullination. Importantly, 
proteins involved in NADPH oxidase complex formation, nuclear sta
bility, and autoimmune pathologies were found citrullinated. This 
common mechanism of neutrophils response, independent of NADPH 
oxidase activation, may play a role in the development of autoimmune 
diseases.
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